Background and objectives Increased inflammation and oxidative stress may be caused by proteins and lipids modified by cytotoxic advanced glycation end products (AGEs) in food. Restricting food containing elevated AGEs improves these risk factors in diabetic CKD. Because diet adherence can be problematic, this study aimed to remove cytotoxic AGEs from food already ingested and to determine whether sevelamer carbonate sequesters cytotoxic AGEs in the gut, preventing their uptake and thereby reducing AGE-induced abnormalities.
Introduction
Patients with type 1 and type 2 diabetes and CKD remain at high risk for ESRD despite currently available interventions (1, 2) . A recent meta-analysis suggests the need for new agents with a better safety profile (3) .
Because proteins and lipids modified by cytotoxic advanced glycation end products (AGEs) elevate levels of inflammatory markers and oxidative stress, AGEs may be important in the development and progression of CKD in type 2 diabetes (4-6). Type 2 diabetes mellitus patients with increased levels of AGEs have a three-fold increased risk for kidney disease and a seven-fold increased risk for any complication (7) . A drug that blocks AGE formation blunts the increase in serum creatinine in patients with type 2 diabetes mellitus and progressive CKD, confirming the beneficial effects of AGE reduction (8, 9) . The recent recognition that AGEs present in food are a major risk factor for cardiovascular disease (CVD) in diabetes was based on the fact that dietary AGE restriction prevents renal and cardiovascular complications in diabetic animals and that AGE restriction rapidly reduces markers of inflammation and oxidative stress in patients with CKD as well as in patients with type 2 diabetes mellitus with CKD (10, 11) . AGE restriction also reduces insulin levels in type 2 diabetes, without a change in fasting blood glucose, a change compatible with decreased insulin resistance (10) . This has also been shown in mouse models (4) . Finally, a study of monozygotic and dizygotic twins and northern European children revealed that environmental AGEs, likely from the diet, are important in the development of type 1 diabetes mellitus (D. Leslie, unpublished observations) (12) .
Abnormalities in calcium and phosphate intake and blood levels are associated with vascular calcification, which increases the risk and/or severity of CVD in CKD patients with type 2 diabetes mellitus (13) . Fibroblast growth factor 23 (FGF-23), serum calcium, and phosphate are reduced by sevelamer carbonate, a nonabsorbed phosphate binding polymer often used in stage 4-5 CKD treatment (14) (15) (16) (17) . Although sevelamer carbonate also decreases LDL cholesterol and improves insulin resistance (18) , it is not known whether these effects on CVD risk factors are mediated by reduced inflammation and oxidative stress. Calcium carbonate and sevelamer carbonate both lower dietary phosphate uptake (19) . Whereas high serum phosphorus levels are associated with increased cardiovascular mortality, reduction of serum phosphorus levels has not modified mortality (19, 20) . Sevelamer carbonate reduces coronary artery calcification in hemodialysis patients (15, 21) . Finally, FGF-23 is associated independently and strongly with all-cause mortality CVD and initiation of dialysis, and predicts renal outcomes in diabetes (17, 22) .
Because compliance with dietary manipulations can be difficult for some patients to follow, we sought another method of reducing the amount of AGEs available for uptake in the small intestine, namely by sequestering AGEs from ingested food and eliminating them in the stool. The chemical structure of sevelamer carbonate and its effects on lipid metabolism led us to postulate that it could bind AGEs and make them unavailable for uptake. This study was designed to determine if sevelamer carbonate bound AGEs and if administration of this nonabsorbable drug led to metabolic, anti-inflammatory and antioxidative stress actions that are independent of its effect on phosphate uptake in patients with type 2 diabetes and stage 2-4 CKD.
Materials and Methods
Patients who were treated for diabetes with at least one medication and who had proteinuria (milligrams of urinary protein/milligrams of creatinine .0.2) on $2 occasions within the previous 18 months were recruited from the Mount Sinai Medical Center Clinics. Of 600 clinic records screened, 80 participants were identified and 20 were randomized, the number calculated to give an 80% chance of finding a 20% difference in AGEs at the study end. Exclusion criteria included current treatment for hyperphosphatemia, biopsy-proven renal disease other than diabetic kidney disease, hypophosphatemia, and hypercalcemia. Anthropometric parameters, 3-day food records, 24-hour urine collections (except for three participants who were incontinent), and fasting blood samples were obtained at the beginning and at the end of each phase of the 8-week intervention.
The Mount Sinai Medical Center Institutional Review Board approved this study (NCT01493050) and all patients signed informed consent forms, consistent with the Declaration of Helsinki.
Study Design
This was a single-center, randomized, crossover, openlabel, intention-to-treat study. The participants continued the medical care prescribed by their primary physicians. Medications were as follows: insulin or oral antidiabetic drugs (n=13), metformin (n=3), glipizide (n=2), glyburide (n=2), repaglinide (n=2), pioglitazone (n=4), statins (n=15), aspirin (n=14), vitamin D (n=7), activated vitamin D (n=3), furosemide (n=13), or hydrochlorothiazide (n=6). All participants received $1 antihypertensive drugs, and 15 received angiotensin converting enzyme inhibitors or angiotensin receptor blockers. Daily multivitamin supplements containing 400 IU of cholecalciferol (Natures Bounty Inc, Bohemia, NY) were provided.
Participants were randomized to either sevelamer carbonate (1600 mg three times per day with meals) or calcium carbonate (1200 mg three times per day with meals) for 8 weeks. After a 1-week washout period, participants were followed for 8 additional weeks on the alternate drug. Compliance, defined as returning ,20% of the prescribed drugs, was estimated to be 70% in the calcium carbonate arm and 75% in the sevelamer carbonate arm.
A study dietitian followed participants at monthly clinic visits to ensure stability of dietary intake of calcium, inorganic phosphates, and nutrients.
Dietary Intake
Nutrient, mineral content, and AGE intake were estimated from food records using a nutrient software program (Food Processor version 10.1; ESHA Research, Salem, OR) and from a food-AGE database (23) .
Routine Blood Tests
The hospital laboratory performed routine blood and urine measurements. GFR was estimated using the Modified Diet in Renal Disease study formula (13) .
Measurement of AGEs and Circulating Biomarkers
« N-carboxymethyl-lysine (CML) and methylglyoxal derivatives in serum and urine were quantified by ELISA using two non-cross-reactive mAbs that recognize lipids and proteins modified by AGEs, but not unbound AGEs. Interassay coefficients of variation were 2.8% for CML and 5.2% for methylglyoxal, whereas intra-assay coefficients of variation were 2.6% for CML and 4.1% for methylglyoxal) (24) . Leptin, adiponectin, and TNF receptor 1 were tested by commercial ELISA kits. Cystatin C and FGF-23 were measured by the Mount Sinai Clinical Laboratories and Genzyme Diagnostics Laboratories (Boston, MA), respectively.
PMNCs
PMNCs were separated by Ficoll-Hypaque Plus gradient (American Biosciences, Uppsala, Sweden) (25) . Proteins were extracted from cell lysates. Total RNA was extracted using TRIzol (Molecular Probes Inc). The extracted RNA OD 280/260 ratio was 1.8/2.0. Total RNA was reverse transcribed using Superscript III RT (Invitrogen).
Quantitative Real-Time PCR Assay mRNA expression of AGE receptor 1 (AGER1) and sirtuin 1 (SIRT1) were analyzed by quantitative SYBR Green realtime PCR, as previously described (26, 27) . The transcript copy number of target genes was determined based on cycle threshold values.
Western Blot Analyses
Cell lysates were prepared by sonication in 500 ml of lysis buffer (New England Biolabs), and cell proteins were separated on 8% SDS-PAGE gels, transferred onto nitrocellulose membranes, and visualized by chemiluminescence (Roche) (28) . Bound immune complexes in RIPA lysis buffer were used for immunoblotting after SDS-PAGE and nitrocellulose membrane transfer (28) .
Binding of AGEs to Sevelamer Carbonate
Sevelamer hydrochloride (25 mg) (Genzyme Corporation, Boston, MA), an insoluble resin, was washed in N,NBis(hydroxyethyl)-2-aminoethanesulfonic acid (BES) (Sigma Chemical Company, St. Louis, MO) and suspended in 30 ml of BES (29) . BSA and LPS-free AGE-BSA were prepared (30) . The insoluble resin was added to BES buffer, and after adjusting the buffer to pH 7.0, 5 mg of 125 I-AGE-BSA or 125 I-BSA was added, stirred at 28°C for 6 hours, and washed with BES until the supernatant was free of radioactivity. The sevelamer resin was suspended in BES buffer, and the pH was adjusted to 1.0 with 1N HCl. After incubation for 6 hours at 28°C, the resin was washed with BES and sevelamer-bound radioactivity was re-measured. The experiments were repeated using the reverse protocol to determine if AGE-BSA or BSA released at pH 1.0 was rebound at pH 7.0.
Statistical Analyses
Baseline data were sometimes skewed; Spearman rank correlations were thus used to summarize associations. For each variable, the effect of sevelamer carbonate was defined as the last recorded value minus the first recorded value under sevelamer carbonate, similarly for calcium carbonate. To account for highly skewed variables, within-treatment changes were tested using signed rank and Wilcoxon tests. The difference between the effect for sevelamer carbonate and the effect for calcium carbonate was taken as the effect of sevelamer carbonate relative to calcium carbonate. Generalized estimating equations, with an unstructured correlation structure and robust variance estimation, were used to test for carryover effects (i.e., treatment by period interactions). When this test was significant, similar models were used to estimate and test the effect of sevelamer carbonate relative to calcium carbonate, adjusting for the period in which sevelamer carbonate was administered. The only evidence of a period by treatment interaction was for cystatin C. For this variable, the relative treatment effect was computed with a t test using only the data from the first period of the observation (31). Tests were considered significant if the two-sided P value was ,0.05. Analyses were carried out using SAS (version 9.2) and Stata (version 11) software.
Results

Baseline Demographics
The patient demographics are as follows. Twenty patients had stage 2-4 CKD (stage 2, n=4; stage 3a, n=2; stage 3ab, n=4; and stage 4, n=10). Fifty percent of patients were male and 50% were female. The average age was 61 years, mean estimated GFR (eGFR) was 38 ml/min per 1.73 m 2 , and 41% of patients white, 45% were African American, and 14% were Asian (Table 1) . Baseline serum CML and methylglyoxal levels were increased approximately threefold in diabetic CKD; PMNC CML (intracellular CML), methylglyoxal (intracellular methylglyoxal), and TNF-a levels were increased; and AGER1 and SIRT1 mRNA levels were markedly decreased in patients with diabetes compared with healthy controls (25) . In addition, although 15 of 20 participants were receiving lipid-lowering therapy, HDL levels were low and LDL levels were decreased. TNFa, leptin, and 8-isoprostane levels were twofold to five-fold higher and HbA 1c levels were significantly more elevated in study participants than in healthy participants (25) . Urinary protein excretion was increased and eGFR was decreased compared with normal volunteers (25) .
Circulating Metabolic and Inflammatory Parameters
HbA1c, total cholesterol, and triglycerides were reduced by sevelamer carbonate, compared with calcium carbonate (Figure 1 and Tables 2 and 3 ). These changes were associated with reduced serum levels of CML, methylglyoxal, and 8-isoprostanes. However, 8-isoprostanes were increased after 8 weeks of calcium carbonate treatment, as previously noted in type 2 diabetes mellitus (10). Blood glucose, AGE intake, adiponectin, leptin, or C-reactive protein did not differ between groups at any point.
FGF-23, Calcium, and Phosphorus
Urinary phosphorus excretion was decreased by both treatments in continent participants ( Table 2 ). There were no changes in serum phosphate or calcium levels due to either treatment.
Overall, FGF-23 was decreased by sevelamer carbonate and was increased substantially by calcium carbonate (Table 2) , although neither change was formally significant (P=0.0.07 and 0.08, respectively). The difference between the two changes was significant (P=0.04) ( Table 3 ). For those participants with baseline values .70 pg/ml, sevelamer carbonate treatment led to a significant decrease in FGF-23 (median first minus final difference = 285.55 mg/ml; interquartile range, 212.05 to 2128.30; P=0.02), whereas treatment with calcium carbonate resulted in a nonsignificant median increase of +38 mg/ml (221.85 to +73.45; P=0.20). The P value for a difference between the two subgroups was 0.002. Those with a baseline level ,70 pg/ml showed no significant differences over time for either sevelamer carbonate or calcium carbonate.
Blood Lipids
Plasma triglycerides and total cholesterol levels were further decreased by sevelamer carbonate compared with calcium carbonate (Tables 2 and 3 ). 
Renal Function
Serum creatinine levels, estimated GFR, and urinary protein excretion were unchanged after 8 weeks with either treatment or at the study end. There was a trend for decreased cystatin C levels in the sevelamer carbonate arm compared with calcium carbonate. Serum potassium and chloride, while remaining in the normal range, were increased by sevelamer carbonate compared with calcium carbonate. Proteinuria correlated positively with serum TNFR1 (r=0.66; P=0.014) and inversely with eGFR (r=20.51; P=0.02).
Intracellular (PMNC) Changes
Intracellular TNFa, CML, and methylglyoxal levels were decreased in PMNC by sevelamer carbonate, but not by calcium carbonate. AGER1 and SIRT1 mRNA, indicators of antioxidant status, were increased by sevelamer carbonate but not by calcium carbonate. Changes in AGER1 mRNA correlated with AGER1 protein levels, as previously noted (data not shown) (4).
Binding of AGEs by Sevelamer Carbonate In Vitro
Binding of AGE-modified BSA to sevelamer carbonate was pH dependent and reversible (Figure 2 ). Less than 5% of 125 I-AGE-BSA or 125 I-BSA bound to sevelamer carbonate at pH 1.0, the approximate stomach pH. Whereas .80% of 125I AGE-BSA bound to sevelamer carbonate at pH 7.0, ,1% of 125 I-BSA bound. Lowering the pH from 7.0 to 1.0 resulted in release of 125 I-AGE-BSA and 125 I-BSA. The released 125 I-AGE-BSA quantitatively rebound to sevelamer carbonate when the pH was returned to 7.0. 
Discussion
We report that sevelamer carbonate reduced HbA1c and improved several lipid abnormalities and FGF-23, risk factors for diabetic cardiorenal disease, in type 2 diabetes mellitus participants with stage 2-4 CKD. Because sevelamer carbonate and calcium carbonate both bind phosphates, these changes seemed to be independent of reduced phosphorus uptake. The reduction of FGF-23 by sevelamer carbonate could be clinically important because high FGF-23 levels predict progression in CKD patients and are strongly associated with CVD and allcause mortality as well as with initiation of dialysis (17, 22) .
The marked reductions in circulating and cellular AGEs, certain lipids, and lipid 8-isoprostanes were associated with restoration of suppressed antioxidant and antiinflammation defenses noted at baseline (10) . Similar results have been found by restricting AGEs in food (10) . Therefore, we hypothesized that these new effects of sevelamer carbonate may be attributable to binding and removal of AGEs from the intestinal contents, a mode of action not previously described for this drug.
The proinflammatory state, characteristic of CKD and diabetes, correlates with high circulating levels of AGEs due to the combined effects of increased glucose, impaired renal function, excessive dietary AGE intake, and suppressed anti-AGE AGER1 activity (4, 10, 26) . The current data that reducing AGE levels either by anti-AGE drugs or by AGE restriction results in significantly decreased oxidative stress and inflammation support the hypothesis that dietary AGEs are an important source of AGEs in type 2 diabetes (32, 33) . These effects might be responsible for an improvement in glucose utilization and insulin resistance in participants with diabetes who are placed on an AGE-restricted diet (32) . Furthermore, serum CML levels were recently identified as additional potent diabetes risk determinants in type 1 diabetes mellitus (D. Leslie, unpublished observations). HbA1c levels decreased in this study, suggesting that overall glucose metabolism was improved by sevelamer carbonate even though fasting blood glucose levels were not changed, as has been previously noted with dietary AGE restriction (10) . This change may reflect reduced overall glycation of proteins because HbA1c is a glycated molecule (34) . This could be important because consideration of HbA1c levels was recently shown to improve the prediction of cardiovascular risk in patients with type 2 diabetes (35) .
A drug structurally resembling sevelamer chloride (colesevelam) produces changes in HbA1c in type 2 diabetes without CKD, similar to this study (36) . Triglyceride levels were elevated in another colesevelam study, in contrast to this study (37) .
Reductions in HbA1c, lipids, coronary artery calcification, and fetuin-A levels have been reported in hemodialysis patients receiving sevelamer chloride (38) , and a number of studies of sevelamer chloride in animal models of CKD showed reduction of cardiac/renal calcification and prevention of renal function loss (39, 40) .
A link between metabolic abnormalities and CKD was demonstrated in a recent meta-analysis of longitudinal studies showing that the incidence of CKD was directly related to the number of metabolic syndrome components (41) . Because sevelamer carbonate improved components of the metabolic syndrome in this study of type 2 diabetes mellitus patients with CKD, it may also reduce early loss of renal function. However, this must be examined in a larger and longer study.
Because sevelamer carbonate and calcium carbonate both bind inorganic phosphates in vitro, the changes associated with sevelamer carbonate in this study, other than urinary phosphate excretion, may not be directly attributable to a reduced phosphate load. Because sevelamer carbonate binds AGEs at a pH found in the intestine distal to the stomach, the beneficial effects of sevelamer carbonate could be related to sequestration of food AGEs in the gut. The effects of sevelamer carbonate are similar to those found by AGE restriction in either normal participants (15, 25, 26) , CKD patients without diabetes (42), or patients with diabetes (32) . Notably, sevelamer carbonate reduced intracellular serum AGEs, well established proinflammatory compounds (4) . The fact that sevelamer carbonate, but not calcium carbonate, reproduced the findings of dietary AGE restriction constitutes a potentially important new finding that could have therapeutic implications for the metabolic syndrome and other chronic conditions associated with increased oxidant stress and inflammation (43, 44) . The fact that reducing AGEs by two independent methods results in improvements in glucose metabolism and reactive oxygen species/inflammation adds credibility to the hypothesis that this action of sevelamer carbonate was due to the binding of AGEs in the intestinal contents and elimination of AGEs, rather than an effect on bile-acid acids and phosphate uptake. The mechanism of binding of negatively charged AGEs to sevelamer may be due to formation of imidazolium adduct formation between amino groups and methylglyoxal. Calcium carbonate cannot participate in these reactions.
Elevated oxidative stress and inflammation are associated with increased risk of cardiorenal disease, especially in diabetes (45) For instance, elevated HbA1c levels in CKD further increase the risk for CVD (46, 47) , and the risk of death due to cardiovascular disease in stage 2-3 CKD patients exceeds the risk of progression to ESRD (13, 48) . Thus, the reduction of these risk factors by sevelamer carbonate suggests that it could become a valuable adjunct in the general management of type 2 diabetes mellitus and both early and late stages of kidney disease.
The limitations of this study include the small number of patients and the short duration. Many significance tests were performed; thus, the chance of a false positive result is high and the P values need to be interpreted with caution. Given the exploratory nature of this trial, it was judged inappropriate to adjust for multiple significance testing. In addition, the exact AGEs bound to sevelamer carbonate remain to be identified.
In summary, sevelamer carbonate is a promising drug for the management of early diabetic CKD because it reduces HbA1c, lipids, FGF-23, AGEs, and the proinflammatory/oxidative stress state characteristic of diabetes and CKD. These results, must be validated in a larger trial, but suggest that sevelamer carbonate may reduce cardiovascular risk factors by binding and removing dietary AGEs from the gastrointestinal tract.
